INTRODUCTION
anaerobic glycolysis, resulting in high carcass temperature and rapid decrease in pH, leading to protein denaturation. The accelerated postmortem glycolysis is associated with abnormal Ca 2+ homeostasis in muscle cells. A Ca 2+ leak via sarcoplasmic reticulum (SR) calcium release channel proteins (ryanodine receptors, RYR) in skeletal muscle cells, results from a single point mutation in RYR1 that changes the amino acid sequence from arginine at position 615 to cysteine (Mickelson et al., 1988; Fujii et al., 1991; Otsu et al., 1994) .
In contrast, a hypersensitivity of the SR calcium release channels between different turkey lines has been suggested (Wang et al., 1999) , but no mutation has yet been observed (Chiang et al., 2004) . We hypothesized that some turkeys may be PSE-susceptible because of differences in the abundance of key proteins involved in regulation of intracellular [Ca 2+ ]. Recently, we determined relative mRNA abundance of 4 major genes involved in Ca 2+ homeostasis in skeletal muscle cells between normal and PSE turkey breast meat . With the onset of heat stress, the PSE meat showed a significant delay in the upregulation of RYR isoforms αRYR and βRYR, and of calsequestrin, the high-capacity, low-affinity Ca 2+ binding protein located in the lumen of the SR. Transcript abundance of the sarco/endoplasmic reticulum Ca 2+ -ATPase 1 (SERCA1) remained unchanged. This previous study of Sporer et al. (2012) suggests a complex manifestation of changes in gene expression associated with development of PSE in turkey. It is possible that differential expression of unidentified genes other than SR Ca 2+ regulators may be revealed in PSE turkey. In addition, comparison of gene expression between normal and PSE turkey meat from birds not subjected to heat stress was not examined in the study of Sporer et al. (2012) . This information is important to advance our fundamental comprehension at the transcriptional level regarding the development of PSE turkey meat.
A turkey skeletal muscle long oligonucleotide (TSK-MLO) microarray was constructed with the initial purpose of screening the skeletal muscle transcriptome for candidate genes critical for growth and development. The platform has been subsequently validated and used for studies of domestic turkey muscle biology (Sporer et al., 2011a,b; Nierobisz et al., 2012) . Utilization of the TSKMLO platform enables a simultaneous investigation of the expression of thousands of skeletal muscle genes. The objective of the current study was to investigate differential expression in the turkey skeletal muscle transcriptome between normal and PSE meat using the TSKMLO microarray.
MATERIALS AND METHODS

Experimental Birds and Sample Collection
Breast meat samples used in this study were obtained from the study of Chiang et al. (2008) . Briefly, turkeys from the Randombred Control Line 2 (RBC2), a line representative of the commercial turkey of the late 1960s and maintained without selection pressure at The Ohio Agricultural Research and Development Center of The Ohio State University were used in this study (Nestor et al., 1967; Nestor, 1977) . The birds were raised at the Michigan State University (MSU) Poultry farm (Chiang et al., 2008) . All methods were approved by the Institutional Animal Care and Use Committee (AUF#: 06/05-081-00). Turkeys at 22 wk of age were slaughtered using standard industry practices in the MSU Meat Laboratory. Breast muscle samples from one side of each bird were collected immediately postbleed, snap-frozen in liquid nitrogen, and stored at −80°C for later isolation of total RNA. Breast muscle samples from the opposite side were processed under commercial conditions. Breast muscle was classified after 24 h as normal, primarily based on high marinade uptake, and secondarily on low cook loss. Conversely, PSE samples were grouped by low marinade uptake and high cook loss . Six samples for each extreme of normal and PSE characteristics (n = 6) were used for microarray experiments.
RNA Isolation
Total RNA was isolated from breast meat samples using Ambion TRI Reagent Solution (Applied Biosystems Inc., Foster City, CA), and subsequently purified with the Qiagen RNeasy Mini spin column (Qiagen Inc., Valencia, CA) according to the manufacturer's instructions. Quantity of total RNA was measured using a Nanodrop ND-1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA). Integrity of total RNA was confirmed using an Agilent 2100 Bioanalyzer (Santa Clara, CA). Samples with an RNA integrity number equal to or exceeding 8.0 (RNA integrity number = 10 is the best) were used for microarray and quantitative real-time PCR (qPCR).
Microarray Experimental Design
The 6K TSKMLO microarrays were used for transcriptome analysis of normal and PSE meat samples. Details of the array design are available at the National Center for Biotechnology Information's Gene Expression Omnibus (NCBI GEO) with the platform accession GPL9788. Gene expression between normal and PSE turkey skeletal muscle samples was directly compared. Six biological replicates were run for each meat quality level (n = 6). Dye swapping was performed to minimize dye bias; i.e., in 3 arrays, the normal samples were labeled with Cy3 fluorescent dye (GE Healthcare, Piscataway, NJ), whereas PSE samples were labeled with Cy5; for the other 3 arrays, the dye assignments were reversed. A total of 6 arrays were used in this study.
RNA Amplification and Microarray Hybridizations
Amplification of RNA samples, microarray preparation and microarray hybridization were performed as described elsewhere (Sporer et al., 2011a) . Briefly, 2 µg of total RNA was incubated with T7 Oligo(dT) 18 as primer and reverse-transcribed into cDNA followed by in vitro transcription for amplified RNA (aRNA) using an Amino Allyl MessageAmp II aRNA kit (Ambion Inc., Austin, TX) according to the manufacturer's instructions. For dye labeling, 10 µg of aRNA samples were dye-coupled with Cy3 or Cy5 fluorescent dye at room temperature in the dark for 1 h. Dye-labeled aRNA was purified; then, 5 µg of each sample was fragmented into 60 to 200 nucleotide fragments using RNA Fragmentation Reagents (Ambion Inc.) at 70°C for 15 min. The fragmented Cy3-labeled aRNA was equally mixed with its Cy5-labeled counterpart. Hybridization of microarray slides was performed in a GeneTac Hybridization Station (Genomic Solutions, Ann Arbor, MI) for 18 h. Arrays were washed with a series of wash solutions and dried by centrifugation. Afterward, the arrays were scanned using a Molecular Devices GenePix 4000B scanner (Molecular Devices, Sunnyvale, CA), and image analysis was performed using Molecular Devices GenePix Pro 6.0 software. Array spot intensities were exported as GenePix Results (GPR) files for statistical analysis.
Microarray Statistical Analysis and Gene Annotation
Dye intensity bias was normalized using "normexp" background correction method based on Ritchie et al. (2007) . Normalized data were described as log 2 fluorescent intensities ratio (Cy5/Cy3) or M-value, and statistically analyzed with a linear model using LIMMA (Smyth, 2005) . Specific hybridization was confirmed by monitoring fluorescence intensities of negative control and mismatched oligonucleotides (Sporer et al., 2011a) . The microarray data were submitted to the NCBI GEO with GEO accession number GSE36660. The oligos were annotated using NCBI BLASTn (http://www. ncbi.nlm.nih.gov).
Confirmation of Expression Patterns
Thirteen genes were selected for further analysis by qPCR to confirm the microarray gene expression results. Of 13 genes, 12 genes were chosen based on their large fold changes (FC, gene expression in PSE relative to normal sample) obtained from the microarray study. In addition, profilin (PFN) was selected as it showed statistical significance in expression between normal and PSE sample (estimated false discovery rates, FDR < 0.1).
Primers (Table 1) were designed using Primer Express 3.0 software (Applied Biosystems) and synthesized by Operon Inc. (Huntsville, AL). The confirmation protocol was as described in Sporer et al. (2011a) . Briefly, 5 µg of total RNA from the same samples used for microarray was reverse transcribed to cDNA using Superscript III (Invitrogen). The cDNA was purified using ethanol precipitation and quantified with a Nanodrop ND-1000 spectrophotometer. Reactions included 10 ng of cDNA, 300 nM primer mix, and POWER SYBR Green Master Mix (Applied Biosystems) and were run in an ABI Prism 7900 Sequence Detection System (Applied Biosystems). Threshold cycle was analyzed using Sequence Detection Systems Software version 2.3 (Applied Biosystems). β-Actin was used as an endogenous control gene . Relative expression of genes of interest in PSE samples relative to normal samples was calculated using 2 −∆∆CT method (Livak and Schmittgen, 2001 ). Student's t-test was performed to evaluate significant difference (P < 0.05) in gene expression between PSE and normal samples.
Pathway Analysis
To identify biological functions of the annotated genes, pathway analysis was performed using Ingenuity Pathway Analysis (IPA; Ingenuity Systems, http:// www.ingenuity.com). Two criteria, FC and FDR, were used to select the genes for pathway analysis. Genes with FC <−1.66 or FC >1.66 and FDR <0.35 were uploaded to the IPA. Canonical pathways associated with focus genes were generated from the software.
RESULTS
Differential Expression of Genes Between Normal and PSE Turkey Skeletal Muscle
Differential expression of 49 transcripts between PSE and normal turkey skeletal breast muscle was identified (FDR <0.1). Seventeen transcripts were downregulated and 32 transcripts were upregulated (Table 2) . Among those transcripts, 2 corresponded to oligos annotated as α sarcoglycan (SGCA), 3 oligos annotated as myosin heavy chain isoform 2 (MYH2), 2 oligos annotated as nebulin (NEB), 4 oligos annotated as myosin heavy chain isoform 1 (MYH1), 2 oligos annotated as titin (TTN), and 1 unknown oligo (Table 3 ). The top 10 down-and upregulated genes (based on FC only) are shown in Table 4 . Downregulated genes refer to the genes expressed lower in PSE relative to normal samples. Conversely, upregulated genes are those expressed higher in PSE compared with normal samples.
Confirmation of Microarray Results by qPCR
Confirmation of microarray analysis was performed by conducting qPCR analysis of 13 selected genes ( Figure 1 ). The majority of the selected genes showed statistical significance in expression between normal and PSE turkey (P < 0.05) with a similar direction as observed in microarray analysis. Five genes including regulator of G-protein signaling 2 (RGS2), immunoglobulin-like and fibronectin type 3 domain containing 1 (IGFN1), cystatin C (CST3), troponin T type 3 (TNNT3), and myomesin 1 (MYOM1), did not show statistically significant differential expression in the qPCR experiments. It should be noted that, among those 5 genes, the FDR from the microarray study for RGS2, CST3, and TNNT3 exceeded 0.35.
Functional and Pathway Analysis Using IPA
To perform pathway analysis, 2 parameters were used for gene selection from the microarray results. The primary criterion was FC <−1.66 or FC >1.66. The second criterion was FDR <0.35. Using these criteria, expression data from 174 transcripts were uploaded to IPA. According to the IPA knowledge base, 86 genes were recognized and mapped into canonical pathways (well-characterized cellular signaling pathways). Canonical pathways associated with development of PSE turkey are shown in Table 5 . The calcium signaling pathway ( Figure 2 ) was the first pathway suggested by the IPA and supports an association between development of PSE meat and abnormal Ca 2+ homeostasis. Ras homology family member A (RhoA) signaling and actin cytoskeleton signaling ( Figure 3 ) were also identified. As suggested by IPA, changes in gene expression regarding development of PSE turkey also altered pathways related to development of muscle and muscle contraction.
DISCUSSION
Development of PSE in poultry poses one of the greatest challenges to the meat processing industry (Anthony, 1998; Petracci and Cavani, 2012; Samuel et al., 2012) . The prevalence of PSE turkey meat can be as high as 50% in commercial plants depending on the flock, time of the year, and other factors such as transportation (Barbut, 1998; Woelfel et al., 2002) . However, even a small amount of PSE turkey entering the processing line can have significant negative effects on quality of the final meat products. Several investigators have attempted to define PSE meat by using objective measurements to establish a cut-off value that would separate PSE meat from normal (Barbut, 1998; Garcia et al., 2010; Eadmusik et al., 2011) . One of the indicators frequently studied is carcass color because this characteristic can be measured rapidly and is amendable to use on the processing line. However, this indicator is weakly correlated with percent marinade uptake (Chiang et al., 2008) and water-holding capacity (Samuel et al., 2012) . Thus, use of carcass color for on-line sorting of PSE from normal meat is problematic for the meat industry.
The overall goal of this study is to gain a greater mechanistic understanding of the development of PSE in turkey so that new strategies can be developed to identify PSE-susceptible animals in the breeding population and thus reduce the number of PSE birds entering the processing line. Turkeys from the RBC2 line, developed without selection pressure, were chosen for this study. Analysis of normal and PSE breast samples from this line will serve as a basis for comparison with growth-selected turkey lines in future studies. In previous studies, delayed upregulation of Ca 2+ regulatory proteins was observed in PSE turkey samples upon heat stress treatment . The results suggested a greater complexity of the development of the PSE meat defect than a single gene mutation. It is possible that additional genes may be involved that have not yet been identified. Unlike the study of individual gene expression, the microarray technique enables simultaneous analysis of thousands of genes with the capability of revealing differential expression of unidentified genes and interaction among genes.
In this study, the 6K TSKMLO microarray was used to identify relative transcript abundance between normal and PSE turkey meat samples. Considering the top 10 down-and upregulated genes, several genes displayed large FC but were not significantly different based on statistical criteria (FDR <0.1); examples include myosin heavy chain isoform 4 (MYH4, FC = −26.2, FDR = 0.11) and pyruvate dehydrogenase kinase, isozyme 4 (PDK4, FC = −25.9, FDR = 0.33).
The MicroArray Quality Control project suggested a rationale for gene selection (Shi et al., 2008) . After completing statistical analysis of numerous platforms, this group found that selection of genes based on a combination FC ranking and a less stringent P threshold improves reproducibility and specificity of microarray analyses. The more stringent the P cutoff used for gene selection, the less reproducible the list of differentially expressed genes (Shi et al., 2008) . Based on this project, a FC cutoff (FC <−1.66 or FC >1.66) with a less stringent FDR (FDR <0.35) was used in the present study to identify genes for more confidently performing pathway analysis. Using these expanded criteria, changes in gene expression for several of the selected genes, including MYH4 and PDK4, were confirmed by qPCR (P < 0.05).
Pathway analysis revealed that several cellular signaling pathways are associated with the development of PSE turkey meat, with numerous genes associated with more than one pathway. For example, MYH4 was mapped into calcium signaling, actin cytoskeleton signaling, and protein kinase A signaling pathways. This result indicates interactions among molecular pathways associated with development of this meat defect. The potential roles of the calcium signaling, RhoA signaling, and actin cytoskeleton signaling pathways in development of PSE meat are discussed below.
Calcium Signaling Pathway
The calcium signaling pathway (Figure 2 ) was the top pathway highlighted by the IPA. This pathway is of particular interest because several previous studies have implicated abnormal Ca 2+ homeostasis in the development of PSE meat. In pigs, it is widely accepted that development of PSE pork is associated with a single point mutation in RYR1, which results in abnormal Ca 2+ homeostasis in skeletal muscle of MH-susceptible pigs (Mickelson et al., 1988; Fujii et al., 1991; Otsu et al., 1994) . The rate of Ca 2+ release from SR in stresssusceptible pigs is about 2 times greater than that of normal pigs (Mickelson and Louis, 1996) . The high level of sarcoplasmic Ca 2+ postmortem activates muscle hypermetabolism and accelerates pH decline. With the combination of high acidity and high carcass temperature in the initial postmortem phase, proteins undergo denaturation, causing the PSE meat defect. Previously, Sporer et al. (2012) found a delay in upregulation of αRYR and βRYR expression in PSE turkey compared with normal samples when the birds underwent heat stress. However, in the current study, there was no evidence of differential gene expression of RYR, either α-or β-isoform, between normal and PSE turkey meat when the birds were not undergoing heat stress. This discrepancy may be due to the fact that the fold-change differences observed by qPCR were modest and thus not determined to be significant by the microarray method. These results agree with the study of Oda et al. (2009) who observed an unchanged expression of broiler αRYR, although they found decreased expression of βRYR. This may be due to the biological differences among species.
Apart from RYR, the intracellular [Ca 2+ ] is also regulated by the SERCA, the SR-Ca 2+ pump. The SERCA isoform 1 is expressed exclusively in fast-twitch skeletal muscle and is encoded by the ATPase, Ca 2+ -transporting gene (ATP2A1; Lytton et al., 1992) . Mutation of ATP2A1 results in a reduction of SERCA1 activity and is associated with an exercise-induced impairment of skeletal muscle relaxation and severe cramps in humans (Odermatt et al., 2000) and cattle (Sacchetto et al., 2009) . In this study, lower ATP2A1 expression was found in PSE samples (FC = −2.0). This may imply an overload of intracellular Ca 2+ causing a severe muscle contraction in the susceptible birds. It should be noted that expression of the gene encoding SERCA1 in PSE turkey remained unchanged with the onset of heat stress ; however, differential expression of this gene between normal and PSE turkey without heat stress treatment was not determined in the previous study.
Pathway analysis clustered genes encoding myofibrillar proteins within the calcium signaling pathway. Expression of MYH4 encoding myosin heavy chain (MHC) isoform IIb (Tonge et al., 2010) dramatically decreased in PSE samples (FC = −26.1). In contrast, α actin (ACTA1) was upregulated (FC = 3.7). Myo- sin and actin are major contractile proteins in skeletal muscle, which constitute approximately 45 and 20% of myofibrillar proteins, respectively (Aberle et al., 2001) . By regulating myofibrillar assembly, changes in expression of genes encoding myosin and actin may affect myofibril accumulation and stability (Wells et al., 1996) and potentially lead to irregular organization of muscle fibers in PSE meat as previously found in PSE pork (Laville et al., 2005; Obi et al., 2010) and PSE chicken (Wilhelm et al., 2010) . Interestingly, whereas MYH4 (which encodes fast-twitch glycolytic MHCIIb) was downregulated, MYH2 (which encodes fast-twitch oxidative glycolytic MHCIIa) and MYH1 (intermediate between type IIa and IIb MHCIIx) showed upregulation. Because turkey breast muscle mainly consists of fast-twitch glycolytic muscle fibers (Rosser et al., 1996) , we hypothesized that the change in transcript abundance of MYH gene family members in the PSE turkey may cause fast-to-slow muscle transformation that is associated with various functional changes at the muscle cell level as well as cytosol-regulating Ca 2+ dynamics (Kaprielian et al., 1991; Jakubiec-Puka et al., 1999; Pette and Vrbová, 1999; Pette and Staron, 2001; Tonge et al., 2010) . However, previous reports on the relative proportion of myosin heavy-chain isoforms in PSE meat have not been consistent (Ryu and Kim, 2006; Franck et al., 2007 ; Golding-Myers et al., 2010).
Upregulation of slow-muscle troponin C (TNNC1, FC = 7.0) corresponds to a shift of myosin isoforms, supporting the hypothesis of the fast-to-slow muscle type conversion. Biological properties of slow-muscle troponin C, including Ca 2+ binding, the Ca 2+ -bound conformation, and interaction with troponin I differ from that of the fast muscle isoform (Sia et al., 1997) . In addition, fast-twitch troponin I (TNNI2, FC = 2.9) was upregulated in PSE samples. The differential expression of the regulatory proteins in turkey skeletal muscle may result in change in the ratio of regulatory proteins after protein translation. Together, changes in expression of myofibrillar proteins can directly and indirectly alter interactions among the proteins and their response to Ca 2+ flux, with the net effect being altered meat quality.
RhoA Signaling and Actin Cytoskeleton Signaling Pathway
In this study, an alteration of pathways involved in regulation of arrangement of actin and actomyosin in PSE turkey meat was identified. These pathways include RhoA signaling and actin cytoskeleton signaling (Figure 3 ). RhoA is a subtype of the Ras superfamily, a low-molecular-weight phosphoprotein family of GTPases (McClung et al., 2004 ) that links extracellular growth signals or intracellular stimuli to the assembly and organization of the actin cytoskeleton (Schmidt and Hall, 1998) . Insulin-like growth hormone 1 (IGF-1) was mapped by IPA into the RhoA signaling pathway. This protein, structurally similar to insulin, acts via either autocrine or paracrine mechanisms (McMurtry et al., 1997) and regulates tissue growth and development in various vertebrates (Jones and Clemmons, 1995) , including turkeys (Bacon et al., 1993; Richards et al., 2005) . Infusion of IGF-1 into chicken has been shown to affect protein synthesis (Conlon and Kita, 2002) and mediate protein degradation (Czerwinski et al., 1998; Tomas et al., 1998) . Upregulation of IGF-1 in PSE turkey (FC = 2.0) may imply changes in protein turnover, including actin, thus affecting downstream actin cytoskeleton function in the defective meat.
The actin cytoskeleton is a polymer of actin monomers assembled together via condensation reaction (Schmidt and Hall, 1998) . The primary function of the actin cytoskeleton in skeletal muscle is to tether structural components and maintain overall structural order of those components inside the cell, but in contrast to myofibrillar actin, the cytoskeleton is not directly involved in muscle contraction (Stromer, 1998) . The actin cytoskeleton contributes strength and flexibility to accommodate changes in cell shape during muscle contraction. The cytoskeleton is also intimately involved in other cellular functions including cell division and transmembrane signaling (Schmidt and Hall, 1998) .
Organization of the actin cytoskeleton is determined by the turnover of actin filaments and actin-binding proteins, which are modulated by either internal or environmental signals (Sheterline and Sparrow, 1994) . One of the important actin-binding proteins is profilin encoded by PFN2. Profilin catalyzes ATP/ADP exchange of actin monomers and inhibits the hydrolysis of ATP bound to monomeric actin, thereby maintaining concentration of readily polymerizing ATP-bound actin (Sohn and Goldschmidt-Clermont, 1994; dos Remedios et al., 2003) . The protein also promotes formation of actin filaments by transporting the monomer to the growing end of the filament (dos Remedios et al., 2003) . In this study, transcript abundance of PFN2 was lower in PSE samples (FC = −2.0), which may affect the concentration of ATP-bound actin monomers and alter arrangement of actin filaments.
Actin cytoskeleton can be formed along myosin filaments and generate force in the appropriate direction based on polarity of actin filaments. Myosin-based motility of actin cytoskeleton accounts for muscle contraction (when it interacts with muscle myosin) or cellular morphogenic movement (when it interacts with nonmuscle myosin; Sheterline and Sparrow, 1994) . Thus, altered assembly of actomyosin may affect cell motility.
In this study, changes in expression of the gene encoding myosin light chain kinase (MYLK) may alter actomyosin assembly. The MYLK is a Ca 2+ /calmodulin-dependent enzyme (Park et al., 2011 ) that phosphorylates the myosin regulatory light chain (RLC). When phosphorylated, the RLC mediates Ca 2+ sensitivity in myofilaments and promotes movement of myosin cross bridges away from the thick filament surface toward actin filaments (Stull et al., 2011) and affects skeletal muscle twitch potentiation (Manning and Stull, 1982) . The MYLK enzyme encoded by the gene MYLK2 is expressed predominantly in fast-twitch skeletal muscle fibers (Zhi et al., 2005) . In the study of Zhi et al. (2005) , knockout of the MYLK2 gene decreased RLC phosphorylation in mouse skeletal muscle. Thus, change in expression of MYLK2 (FC = −2.1) in PSE meat suggests an alteration of stability of myosin molecules and the actomyosin complex.
Postmortem Oxidative Metabolism and PDK4
The PDK4 gene was substantially downregulated in PSE meat (FC = −25.9). This gene was not mapped by IPA into a specific canonical pathway. However, considering its function, PDK4 may be one of the key players regarding development of PSE turkey meat. This gene encodes the PDK4 enzyme, one of the regulators of oxidative metabolism in the mitochondria. The en- zyme inhibits conversion of pyruvate into acetyl CoA by phosphorylating pyruvate dehydrogenase (Wynn et al., 2008) . The dramatic downregulation of the PDK4 gene suggests altered oxidative metabolism in PSE turkey meat. It can be hypothesized that, for normal meat, a small amount of oxygen is still present in the muscle cells at the early stage of postmortem muscle, enabling glucose to undergo oxidative metabolism. When all of the oxygen is consumed, the metabolic pathway switches to anaerobic metabolism to generate ATP for cellular activities. Lactic acid is produced and accumulated, resulting in a pH drop. However, due to drastically lowered expression of the PDK4 gene, the initial conversion of pyruvate to acetyl CoA and rate of oxygen consumption may be greater in PSE meat. The rate of metabolic switch from aerobic to anaerobic may be faster, resulting in a rapid pH drop that causes protein denaturation in the defective turkey meat. This hypothesis is supported by a lower pH at 15 min postmortem in PSE turkey (Chiang et al., 2008) . Eadmusik et al. (2011) used 20-min postmortem pH to classify turkey breast samples as fast-glycolysing or normal-glycolysing muscle. Samples from the rapidglycolysing group had reduced solubility, which is an indicator of protein denaturation, but the ultimate pH was not significantly different from that of samples with a normal rate of glycolysis. Their results support our hypothesis that although the magnitude of ultimate pH may influence meat quality as previously indicated (Barbut, 1993; Fernandez et al., 2002) , a rapid rate of postmortem pH decline, due to decreased expression of PDK4, combined with high early-postmortem carcass temperature, may have a greater impact on protein denaturation associated with development of PSE turkey.
Differential expression of PDK4 has been observed in previous studies on meat quality. Lan et al. (2009) reported reduced mRNA abundance of PDK4 in muscle from commercial lean-bred Yorkshire pigs compared with a Chinese traditional breed. The authors claimed that the traditional breed has superior meat quality compared with the Yorkshire breed, but they did not directly measure meat quality indices between the 2 breeds. They suggested that PDK4 expression is correlated with fiber type (i.e., increased levels of PDK4 would be associated with a higher percentage of slowtwitch fibers). In our study, we observed upregulation of several genes in PSE turkey that would suggest a shift in expression from fast-twitch muscle proteins to slow-twitch muscle proteins (Tables 3 and 4) . Slowtwitch muscle generally has a greater degree of oxidative metabolism (Donoghue et al., 2007) . Our results are further consistent with this transition in that the mitochondrial genome was upregulated in the defective meat (Table 3) . We would expect to see increased expression of PDK4 in association with increased expression of oxidative-metabolism genes. However, the fact that PDK4 was downregulated in PSE muscle suggests that in this subset of birds, there is impaired regulation of expression of this gene.
In a study on differential expression in chickens differing in glycogen content, Sibut et al. (2011) observed downregulation of PDK4 in high-glycogen chicken skeletal muscle compared with low-glycogen samples. They did not find differences in direct measures of meat quality such as drip loss, but the high-glycogen meat showed lower ultimate pH and lighter color (Sibut et al., 2011) , determinants often used as PSE indicators in previous studies (Oda et al., 2009; Ziober et al., 2010) . However, although it is of interest that differential PDK4 expression was observed in the study of Sibut et al. (2011) , their results are not directly comparable with our study. They classified chicken muscle samples based on glycogen content to determine the molecular mechanisms involved in variation of meat quality. In the current study, samples were first classified as PSE or normal and then analyzed for differential gene expression.
In conclusion, this study is the first evidence of global differential gene expression between normal and PSE turkey. Pathway analysis shows several molecular signaling pathways associated with development of the turkey meat defect including the calcium signaling pathway that supports an abnormality of Ca 2+ homeostasis in susceptible birds. The results also suggest skeletal muscle fast-to-slow isoform switch, which may reflect different molecular properties and disorganization of muscle fibers in PSE turkey. Altered stability of nonmuscle actin polymer and actomyosin assembly in PSE turkey is implicated due to differential expression of genes in the RhoA signaling and actin cytoskeleton signaling pathway. Clearly, development of this turkey meat defect is complex and associated with interactions of more than one pathway. Here, evidence was found of dramatically lower expression of the PDK4 gene in PSE turkey meat, which may alter oxidative metabolism and be associated with an unusually high rate of postmortem metabolism in PSE turkey. Studies are in progress to quantify protein levels and enzymatic activity in PSE and normal muscles, and to investigate the mechanisms regulating expression of PDK4 to better understand the role of this protein in turkey meat quality.
